Interspecific and intraspecific heterokaryons of Verticillium albo-atrum and Verticillium dahliae were formed by protoplast fusion or microinjection. Diploid formation was increased 1000-fold following either treatment. Combinations of auxotrophic strains which normally never form heterokaryons were obtained with both techniques. The results suggest that a variety of incompatibility factors exist in Verticillium. Compatibility and incompatibility in their strict sense did not apply to the strains used in this work, and the terms 'heterokaryon-former' and 'heterokaryon non-former' have been introduced instead. The compatibility functions are assumed to be nuclear and somehow associated with cell wall formation or components affecting the cell wall. Temperature had a profound effect on both the morphology and the nutritional marker ratio of interspecific heterokaryons. Although the frequencies of diploid formation for interspecific and intraspecific diploids were very similar, the corresponding haploidization frequencies for these diploids were markedly different. An examination of random aneuploid conidia showed that spontaneous haploidization and mitotic crossing-over occurs in interspecific diploids of Verticillium. The genetic segregation of interspecific diploids grown in the presence of haploidizing agents suggested that the two fungi are closely related and that substantial chromosomal homology may exist between them.
INTRODUCTION
Interspecific hybrids have been obtained in a number of fungi, including Neurospora (Dodge, 1936) , Sordaria (Lewis, 1969) , Aspergillus (Uchida et al., 1958) and Verticillium (Hastie, 1973;  . Typas & Heale, 1976) by conventional sexual and parasexual processes. Heterokaryosis in the asexual fungus Verticillium has been established for some time (Hastie, 1964; Heale, 1966) and has been found to be a major genetic process in this fungus. Investigations into heterokaryon formation and heterokaryon incompatibility have shown that heterokaryons in both V . alboatrum and V. dahliae are structurally different from those of Neurospora and other fungi. They consist of a mosaic of heterokaryotic and homokaryotic regions (Puhalla & Mayfield, 1974; Typas_& Heale, 1976) , similar to that found in Aspergillus nidulans (Clutterbuck & Roper, 1966) . As most cells are predominantly uninucleate, apart from a few cells of the hyphal tip, only a few can be heterokaryotic. Therefore the transience of the heterokaryotic state of Verticillium is probably due to the failure of nuclei to'migrate. A degree of heterokaryon incompatibility has also been demonstrated in this fungus with the use of nutritional markers (Typas & Heale, 1976) , and with morphological markers in prototrophic strains (Puhalla, 1979) .
Techniques for protoplast isolation, culture and fusion are now well established (Ann6 & Peberdy, 1975 & Peberdy, , 1976 Ferenczy et al., 1975a, b; Peberdy, 1979) ; these circumvent heterokaryon incompatibility in A . nidulans as a technical block and have led to the mapping of genes causing heterokaryon incompatibility via the parasexual cycle (Dales & Croft, 1977; Croft & Dales, 1979) . The above techniques, together with the techniques for microinjection of cell particles from one hypha to another (Diakumakos et al., 1965; Typas & Heale, 1979) have been used in glycuronidase and lo7 units of sulphatase (Industrie Biologique Fransaise, Dkpartement RCactifs, Clichy, France); the Physarum mycolase was prepared from Physarum polycephalum (Chalkley, 1981) and was kindly provided by Dr L. J. Chalkley, Queen Elizabeth College, University of London. Protoplasts were separated from mycelial debris by filtration through a sintered glass filter (porosity size 2). After washing in osmotic stabilizer
(1 5 %, w/v, sucrose), protoplasts were mixed (approximately lo6 protoplasts of each strain to be fused) and centrifuged (3000g, 10 min, at 24 "C). The protoplasts were suspended in a medium containing PEG (30%, w/v, mol. wt 6000) to induce further fusion ( A n d et al., 1976) . Protoplast fusion frequencies were estimated from the ratio of colonies growing on MM and CM ( Table 2) . As heterokaryons were in general very unstable, they were maintained by careful subculturing from the older central regions on to fresh MM and CM. The phrases 'natural' heterokaryons and 'artificial' heterokaryons will be used to describe those produced by normal hyphal anastomosis and those derived from protoplast fusion or microinjection, respectively.
Microinjections. The procedures and techniques described by Typas & Heale (1979) were used. Protoplasmic fluid was obtained by inserting a microneedle into several cells of the donor hyphae and removing their contents. This was immediately injected into the recipient cells, the whole operation with one batch of fluid never exceeding 90 min.
Induced segregation of heterozygous diploids and characterization of segregants. The highly unstable intraspecific heterozygous diploids and stable interspecific heterozygous diploids (also referred to as species hybrids in the text), were induced to segregate further by adding methyl-1 -(butylcarbamoyl)-2-benzimidazole carbamate (benomyl) (Hastie, 1970a) at 0.5 pg ml-l, orp-fluorophenylalanine (Lhoas, 1961 ) at 1.5 pg ml-l, to the CM. Random conidial analysis of the segregants was performed after purification of the colonies on master plates, which were subsequently replicated using a multipoint inoculator on to different selective media (Typas & Heale, 1978) .
Measurements of conidial size. Conidia were stained with Feulgen as described by Typas & Heale (1980) . Ploidy was inferred from conidial size measurements made with a calibrated eyepiece micrometer; V. dahliae var. Iongisporum served as a reference for ploidy determination. Conidia described as aneuploid formed a mycelium which initially grew very slowly but later formed faster-growing sectors, usually of different genotype.
Haploidization and mitotic recombination. Haploidization frequencies were estimated by comparing the lengths of random conidia from interspecific and intraspecific diploids showing a high frequency of diploid formation. Independent haploidization events were scored as individual sectors of different genotypes in cultures grown on CM and CM + haploidizing agents. The term 'mitotic recombination frequency' has been used in Table 6 and in the text to indicate the relative incidence of mitotic crossing-ver as measured by a special technique termed 'phialide analysis' for V. albo-atrum by Hastie (1967 Hastie ( , 1968 . The development of conidia in Verticillium is such that the products of a series of mitoses in one phialide are retained in a drop of water at the tip of the phialide. Thus analysis of this group of spores permits the location, with considerable precision, of the divisions where mitotic recombination occurs.
RESULTS

Isolation of interspecific and intraspecific heterokaryons following protoplast fusion
or microinjection Complementary pairs of protoplasts, either interspecific or intraspecific, were mixed and treated with PEG. Small colonies developed on MM and these first heterokaryotic colonies could be seen with the naked eye after 10-14 d incubation at 24 "C. This temperature was found to be optimal for heterokaryon formation since preliminary tests showed that anastomosis was inhibited at other temperatures (unpublished results). A 10-14 d incubation period is significantly shorter than the 2-5 weeks needed for the natural forced heterokaryon formation reported by Puhalla & Mayfield (1974) and Typas & Heale (1976), or the 3-4 weeks needed for artificial heterokaryons arising after microinjection (Typas & Heale, 1979) . Fusion frequencies and heterokaryon formation success rates for the various interspecific and intraspecific heterokaryon combinations are shown in Table 2 . Interspecific and intraspecific heterokaryons were isolated from all fusion mixtures and microinjections involving at least one heterokaryonforming parental strain, although at apparently different rates ( Table 2) . Combinations which involved at least one partial heterokaryon-forming strain also gave heterokaryons, but at rather lower success rates. However, the interspecific combinations 2 + 8, between the partial-former V. albo-atrum and the non-former V . dahliae, and 4 + 8, between the two non-former strains of each fungus, always failed to give heterokaryons.
All strains were initially tested for heterokaryon compatibility with specific testers in the same compatibility group, according to methods and criteria described by Puhalla (1979) . Based on morphological criteria, i.e. the pairing of [hyl+] or [hyl+]sot and alm (albino resting structures) or [hyl] strains on CM and the subsequent development of black resting structures along the line of contact, strains 2, 3,6 and 7 and the wild-type parents of strains 1,4, 5 and 8, were classified as follows: strains 1, 2 and 5 in the same group, strains 3, 7 and 8 in another; strains 4 and 6 were non-reactors. However, as there were several examples which clearly could not be explained solely by the above classification and which indicate that compatibility in 
Interspecific combinations 11.7 f 2.2 3.5 10.8 f 3.6 4.8 9.1 f 3.7 3.5 10.4 f 1.5 5.8 9.5 f 3.9
1.1 8.5
1.9 1.7 8.6 f 2.6 1.8 6-8 f 1.3 1-4 4.5 f 1.9
1.3 4.6 f 1.6 1.3 6.3 + 1.0 1.0 7.0 f 1-6 0.9 6.3 f 2.9 0.6 2.1 f 0. t Heterokaryotic fusion frequency was calculated from the ratio of colonies growing on MM and CM.
Microinjection success rate was calculated from the total of at least 10 successful microinjections for each combination. An average 80% from all microinjected cells survived and showed some growth after 2-3 d incubation on CM plates.
6 These combinations showed some diploids from random conidial analysis (1.0-2.5% of the total) of heterokaryotic cultures.
Verticillium is far more complicated than originally believed, the terms heterokaryon former (f), non-former (n.f.) and partial-former (p.f.) are adopted throughout this paper instead of compatible, incompatible and partially compatible, respectively. This terminology was introduced in order to explain the following: (i) the ability o f f strains, i.e. strains 1, 3, 5, 7, to form heterokaryons with a high success rate (90-100%) when forced on MM with any other strain from a large number tested (20 in each case), of the same or other compatibility group; (ii) the ability of p.f. strains 2 and 6 to form heterokaryons with partial success (20-30%) with strains of the same or different compatibility groups (each p.f. strain was tested against about 20 auxotrophic strains of the same species); (iii) the total inability of n.f. strains 4 and 8 to form heterokaryons with any other strain, even (in the case of strain 8) those belonging to the same compatibility group. It is important to note here that the wild-type strain 8 when tested against
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18 V. dahliae auxotrophic strains using morphological criteria gave very weak responses and was found to belong to the same group as strain 7 and two other auxotrophs; however, once mutated to [hyl] ser genotype it completely failed to form heterokaryons with all the V . dahliae strains tested previously. Interspecific heterokaryotic colonies from both protoplast fusion and microinjections usually had an irregular shape and size, and were thick and heterogeneous when compared with parental strains or their respective natural intraspecific heterokaryons. In contrast, intraspecific heterokaryotic colonies closely resembled the natural heterokaryons in morphology. The hyphae of all heterokaryons were normal in morphology and very rarely -only in interspecific heterokaryons between p.f. + n.f. and p.f. + p.f. -exhibited some deformations. Irrespective of the technique used, heterokaryons were darkly-pigmented if one or both their parental strains were [hyl+]. Conidiation of artificial heterokaryons was always reduced by approximately 10-to 50-fold when compared with that of natural heterokaryons (Typas & Heale, 1976 . The individual conidia of heterokaryons were uninucleate and about the same length as those from natural heterokaryons. However, in some cases large conidia were also isolated (see below: heterozygous diploid analysis). Microscopic observations of the interspecific heterokaryons failed to reveal distinct examples of hybrid resting structures in almost all cases (the exceptions being 1 + 7 and 3 + 7); instead areas of the culture appeared to consist of either fairly typical microsclerotia of V . dahliae or resting mycelium of V . albo-atrum.
The injection of mycelial extracts from heterokaryon-forming strains normally produced no hyphal damage, whereas the injection of an extract from a non-former donor to a non-former recipient (i.e. combination 4 + 8) produced the same denaturation at the point of injection as observed in the case of anastomosis of heterokaryon-incompatible partners in Neurospora crassa (Garnjobst & Wilson, 1956 ). However, this was not the case for the other combination, 2 + 8, which also failed to produce heterokaryons under both techniques used (Table 2) . Here, no cytoplasmic denaturation or death of cells was observed.
Behaviour and stability of interspecific and intraspeciJic heterokaryons
The normal recovery of only parental types from random conidial analyses of artificial heterokaryons arising from protoplast fusion, together with the recovery of heterozygous diploids from these heterokaryons, indicates that they are true heterokaryons and not the result of back mutation or cross-feeding between unfused protoplasts. Heterokaryon formation on MM also occurred where two parental strains had similar nutritional phenotypes, i.e. ade-5 and ade-1, confirming previous results (Typas, 1976 ) that the independent mutations complemented each other. Once established, the majority of artificial heterokaryons grew on MM at slower rates than the parental auxotrophic cultures on supplemented MM. However, they appeared to be quite unstable when grown on MM for periods longer than 3-4 weeks. In order to minimize selection against recessive auxotrophic markers, known to be at a disadvantage in natural heterokaryons (Typas & Heale, 1976) , the artificial heterokaryons were maintained on both MM and CM plates by subculturing from the central areas of the culture which were almost 100% heterokaryotic. Temperature also seemed to have a profound effect on interspecific heterokaryons. Altering the temperature had a marked effect on both the morphology and the nutritional marker ratio of the culture, which could easily become predominantly V. albo-atrum resting mycelium and auxotrophic at 18-19 "C, or V . dahliae microsclerotial and auxotrophic a t 28-29 "C. However, the optimal growth temperature for both fungi, i.e. 23-24 "C, did not favour either type, and the cultures were more or less stable for 3-4 weeks. Addition of benomyl or pfluorophenylalanine did not induce significant segregation of the heterokaryotic cultures, except in some heterokaryons in the combinations listed in Tables 3 and 4 , where the cultures, one in each case, proved to be heterozygous diploids. The morphology and behaviour of artificial heterokaryons arising from microinjection were also very similar to those described above. (Typas & Heale, 1976 ,1978 ) and also suggests a similar pattern of inheritance for the marker [cap']. In combinations which later gave diploid sectors (see below), 1.0-2.5 % new types were recovered and when re-isolated they were all found to be heterozygous diploids.
In all cases where an apparent sectoring of independent heterokaryons had occurred after 2-4 weeks incubation, conidial samples were taken from each sector and were examined for their size and genotype. The great majority of such sectors were fast growing and had covered almost the entire surface of the culture 3-4 weeks after their appearance. Most of them had arisen from combinations where one of the parents carried only a single marker but there were still some which had arisen from doubly-marked parental types. As they were prototrophic haploids and no other recombinant types were recovered from the same cultures, and since Verticillium auxotrophs, including di-auxotrophs, in general show high reversion rates (Heale, 1966; Typas, 1976) , they were thought to be revertants arising from back mutation of one of the parental auxotrophs. However, a small proportion of all sectors examined, i.e. sectors arising from combinations 1 + 4, 1 + 7, 5 + 7 and 3 + 7 from protoplast fusion, and 1 + 3, 1 + 7, 5 + 7 and 5 + 4 from microinjection, one heterokaryon in each case, were found to contain large spores (8.2 f 0.2 pm), closely resembling in size the diploid V . dahliae var. longisporurn spores (8-1 f 0.2 pm). These sectors, when subcultured on MM and CM, segregated further to give pure heterozygous diploid sectors, sectors bearing homozygous diploid spores and/or haploid recombinants, and sectors containing spores of variable size (2-1 3 pm). The frequency at which these diploid, haploid and aneuploid sectors appeared in interspecific and intraspecific heterokaryons from both techniques indicates a very high frequency of karyogamy and haploidization.
Formation and genetic analysis of interspecific heterozygous diploids
Conidia from the 3-week-old heterokaryotic cultures were harvested and plated on MM in order to estimate diploid formation frequencies. Table 2 shows the frequencies of heterozygous diploid formation in artificial heterokaryons, which is approximately 850-2000 times higher than that of natural heterokaryons (approximately 1.5 x lo-' for the latter: Typas & Heale, 1976). There is a clear correlation between fusion and/or microinjection frequencies and incidence of diploid formation. Haploid formation was not affected by species differences, as interspecific heterokaryotic cultures gave very similar results.
All interspecific diploids grew at slightly slower linear rates, but at 3-4 weeks were far more stable than the intraspecific diploids. They differed from other strains in two principal morphological features : conidium production and the morphology of dark resting structures (see also Hastie, 1973) . They developed very few short conidiophores and produced 70-85 times fewer conidia than the natural diploids. Their individual conidia were uninucleate and had approximately the same length (7.9 k 0-5 pm) as those of V . dahliae var. longisporum, or intraspecific diploids. In comparison with the intraspecific diploids and their parental strains, they produced fewer black resting structures and also formed large areas of mixed resting structures, i.e. small microsclerotia, typical of V . dahliae, in direct contact with black torulose hyphae, typical of V . albo-atrum, never observed before in either the interspecific heterokaryons or their parental strains.
Three independent diploids from each of the strain combinations which showed a high frequency of diploid formation (Table 3) were subcultured on CM. Previous work has shown that after 3 weeks' incubation the proportion of diploid conidia has fallen markedly, to 10% of the total number of conidia produced in a typical intraspecific heterozygous diploid culture (Typas & Heale, 1977) . At this stage the segregation pattern was followed and the spore size and genotypes of the sectors were determined (Table 3) . Intraspecific diploids from both V. alboatrum and V . dahliae readily yielded sectors with conidia containing haploid nuclei of parental or recombinant genotype at high frequencies, whereas only one sector out of 34 from interspecific diploids had haploid conidia, the rest being diploid or aneuploid. Random monoconidial isolates from each of the diploids listed in Table 3 were examined and, as shown in Table 4 ,80-90% of the conidia from intraspecific diploids were found to have parental or recombinant haploid genotypes. For interspecific diploids, haploids were very rare : 0.5 % of the total segregants from 3 + 7 from protoplast fusion, 0.9% for 5 + 4 from microinjection. The interspecific diploid 1 + 7 derived by microinjection gave 3.1 %haploids, but the same diploid derived by protoplast fusion was anomalous, giving 29 haploids all of which were of V . dahliae parental genotype. This peculiarity has also been observed in natural hybrid diploids (Hastie, 1973) . It is known from the behaviour of nuclei in phialides that haploid genotypes are not formed directly from diploids, but through intermediate aneuploid stages (Hastie, 1967 (Hastie, , 1968 . To investigate the reasons for the stability of the interspecific diploids and the low levels of haploidization and mitotic crossing over, independent aneuploids were selected after growth on CM for 4 weeks, by methods proposed by Hastie (1973) . Almost all spontaneous potential aneuploids formed fast-growing sectors, and conidia were taken from these sectors to determine their ploidy level and genotype ( Table 5 ). The majority of aneuploids formed sectors with diploid conidia almost all of which had the morphology of the interspecific diploid and were prototrophic. However, some of the diploids had recombinant genotypes ( Table 5 ). The remaining . aneuploids formed sectors with haploid conidia. Here again, most of these conidia were either of the V . dahliae or of the V . albo-atrum morphology and genotype. It is quite apparent, therefore, that haploid segregants can be recovered from these aneuploids. The genetic stability of interspecific diploids broke down when cultured in the presence of the haploidizing agents benomyl and p-fluorophenylalanine (Table 6 ). Five independent cultures of each of the interspecific and intraspecific diploids tested were replicated at the centre of plates of CM, CM + benomyl (0.5 yg ml-I) and CM + p-fluorophenylalanine (1-5 yg ml-I) and incubated for 3 weeks. Benomyl and p-fluorophenylalanine both greatly restricted growth, but at the end of the incubation period some growth and sectoring occurred. The results clearly indicate that both the haploidization and mitotic recombination frequencies are increased in the presence of benomyl or p-fluorophenylalanine, especially for the interspecific diploids ( Table 6 ). These figures may not necessarily reflect the true frequencies with which the haploids are formed because the haploids may be members of a clone arising from the same haploidization event. To estimate the true haploidization frequency, a comparison was made between the minimum number of haploidization events (see Methods) detected in cultures grown on CM and CM + benomyl or CM + p-fluorophenylalanine. Although this is not a very accurate estimation, haploidization was found to be at least 16 times more frequent on CM containing haploidization agents than on CM.
The mitotic recombination frequencies obtained from random conidial analyses and phialide analyses (Hastie, 1967 (Hastie, , 1968 ) of the same hybrid diploids correlate well with the haploidization data, as an increase of only two-to threefold over natural rates was observed (Table 6 ). Even when the maximum mitotic crossing-over events of a particular combination were compared on CM and CM + haploidizing agent, the above frequency was only slightly increased (about five-' fold for combination 5 + 4, which segregated for all possible markers: Table 7 ), but still mitotic crossing-over was not as frequent as haploidization. The genetic segregation of interspecific diploids 1 + 7, 3 + 7 and 5 + 4 grown on CM + p-fluorophenylalanine was followed and segregants obtained from these deploids were scored for all nuclear markers (Table 7) . Here again, as Hastie (1973) has pointed out for natural hybrid diploids, not all possible genotypes were recovered, and some genotypes were more frequent than others. Six classes of segregants were obtained from all five cultures of species hybrid 1 + 7; the results are presented as average figures rounded to whole numbers in Table 7 . The majority of these segregants (93.5%) were haploids of V. albo-atrum parental type (nic-8 met-12), V. dahliae parental type (leu-6 paba-4) and prototrophic diploids of either V. albo-atrum or V. dahliae morphology. However, some proto- (n), haploid conidia; (2n), diploid conidia.
trophic diploids with mixed resting structures, like those of the original interspecific diploid, were also found (5% of the total segregants), but when these were re-grown on CM for long periods they always showed only V. dahliae or V. albo-atrum resting structures. Species hybrid 3 + 7 yielded seven segregant classes, and the results were very similar to those described for combination 1 + 7 (Table 7 ). An interesting observation related to the segregation of markers leu4 and paba-4, known to be linked on the same chromosome (Typas, 1976) , is that one recombinant class arising from crossing-over in one culture of 1 + 7, i.e. nic-8 met-12puba-4, and one culture of 3 + 7, i.e. arg-I0 cho-4paba-4, was recovered. Species hybrid 5 + 4, in four out of five cultures, gave only seven classes of segregants (i.e. the first seven of those listed in Table 7 ), whereas the fifth segregated into all possible genotypes, but not all possible haploid and diploid recombinant types. These segregants fell into 16 phenotype classes; however, many of these classes were represented by only one or two isolates (Table 7) . In contrast to the rest of the markers, which were nuclear, the segregation of [hyl+] and [cupr] markers was not affected by the rare haploidization and mitotic recombination in hybrid diploids, and they segregated freely in both interspecific and intraspecific diploids, at similar frequencies.
DISCUSSION
A possible barrier to hybridization in fungi is the hyphal wall, but this can be avoided by protoplast fusion or microinjection, thus permitting more extensive interaction between two species. These techniques also provide a reliable artificial system for the comprehensive genetic analysis of the asexual fungus Verticillium.
The inability of V . albo-atrum and V . dahliae strains to form natural heterokaryons may indicate that these strains have diverged to such an extent that they no longer can interact. Puhalla (1 979) has classified into four subgroups a number of V. dahliae wild-type strains from different countries of origin and host plants. Isolates within the same subgroup form heterokaryons with each other, but fail to do so with isolates from different subgroups. Puhalla concluded that such isolates belong to genetically isolated and distinct populations within the species. However, as shown in Results, the above classification is not as strict as originally believed; Puhalla & Hummel(l981) have also, in a more recent investigation into compatibility of V. dahliae, found that there ate at least 16 compatibility groups and several non-reactor strains. Perhaps the most important reason why Puhalla and the author have come to different conclusions is that a relatively small number of alm (albino resting structures, determined by nuclear genes) strains was used in this work, whereas a larger number of [hyl] strains were tested. Hyaline strains are very difficult to classify with certainty into one compatibility group because they totally lack resting structures and this trait is controlled by cytoplasmic genes (Typas & Heale, 1976 , 1978 ; the formation, therefore, of a zone of resting structures along the line of contact between two strains tested is probably due to the formation of heteroplasmons rather than true heterokaryons. Further, compatibility in some cases may be the result of a pleiotropic effect of morphological or auxotrophic mutations or may even be associated with cytoplasmically controlled genetic markers. Nevertheless, both protoplast fusion and microinjection seem to be able to overcome these barriers, The fact that heterokaryon formation frequencies of interspecific and intraspecific combinations of heterokaryon-former strains were almost identical indicates that hybridization between the two species is not restricted at the heterokaryon level, at least for the heterokaryon-former strains. In addition both partial-former and non-former strains in interspecific combinations with former strains still form heterokaryons, although at lower frequencies. This clearly suggests that the two species are closely related and they permit genetic interactions, in contrast to results obtained with more distantly related species (Ann6 et al., 1976; Ferenczy et al., 1977) .
The lack of heterokaryosis in Verticillium could be due to the presence of either nuclear or cytoplasmically controlled incompatibility genes. The microinjection technique has allowed a more detailed investigation of heterokaryon-forming ability in this fungus. The protoplasmic denaturation and death of recipient cells from reciprocal combinations of strains 4 + 8 is microscopically very similar to that observed in Neurospora crassu (Wilson et al., 1961) and may be explained by the formation of an antigen-like protein in cells of different genetic constitution. A pair, e.g. C/c and D/d, of nuclear genes which control heterokaryon formation may be envisaged here. However, this can not explain the absence of protoplasmic denaturation or hyphal damage for the other combination, i.e. 2 + 8, which also failed to form heterokaryons. The above response to the injection of mycelial extracts probably indicates the existence of at least another pair of genes which also control heterokaryon formation. These results, together with the circumvention of heterokaryon formation barriers by protoplast fusion and/or microinjection, suggest, therefore, that a variety of incompatibility factors exist in Verticillium. It seems possible that the majority of these factors are somehow associated with cell wall formation or with components affecting cell walls. It can be postulated, as Caten (1971) has pointed out, that with such a variety of incompatibility factors, the role of vegetative incompatibility is not merely the regulation of vegetative variability in the fungus, but also the establishment of a mechanism able to restrict the spread of harmful cell inclusions, such as viruses or mutant suppressive mitochondria, from one mycelium to another.
Interspecific heterokaryons were formed for all possible combinations with the exception of strains 2 + 8 and 4 + 8, and both parental genotypes were almost invariably recovered from these ( Table 2 ). The interspecific heterokaryons were unstable, as were the intraspecific heterokaryons, when grown on MM for longer than 3-4 weeks. The large number of haploid sectors observed in the above heterokaryons, without the simultaneous recovery of any other recombinant types from the same heterokaryon, was never found in segregating interspecific diploids. This seems to imply that a very high reversion frequency of the parental auxotrophs is induced by the intraspecific heterokaryon association. As shown in Table 4 , the hybrid diploids of Verticillium were very stable when compared with intraspecific heterozygous diploids, and unlike those described in aspergilli (Kevei & Peberdy, 1977) , which did exhibit natural genetic instability. Both the morphology and the nutritional marker ratio of interspecific heterokaryons were affected by changes in temperature. Temperature changes also favoured the recovery of entirely parental types of V. albo-atrum or V. dahliae from interspecific diploids induced to segregate. This indicates the important role of temperature in the evolutionary divergence between the two species. As shown in Results, the interspecific diploids produced large areas of mixed resting structures. This may be interpreted to mean that some of the morphological features of each species are determined by dominant alleles, or genes present in one species but absent from the other. However, the fact that all haploids recovered from interspecific diploids had the morphology of one species or the other, but never combinations of features from the two, implies that the two species may differ at only a single locus or else at a cluster of linked loci, so that no mixed-morphology recombinants are obtained. The inheritance of genes which determine the morphology differences of the two species must be nuclear, otherwise they would have shown an association with the cytoplasmic markers [hyl] and [cap] when the interspecific diploids were induced to segregate. Although the natural diploid formation frequency for Verticillium is quite high when compared with that of A . nidulans (Hastie, 1970b; Typas & Heale, 1978) , there was at least a 1 000-fold increase of this frequency following protoplast fusion or microinjection ( Table 2) . Uninucleate conidia of Verticillium are known to divide almost synchronously under appropriate nutritional conditions (Typas & Heale, 1980) , and similar conditions are also known to promote diploid formation in this fungus (Ingle & Hastie, 1974) . The high efficiency of diploid formation is therefore probably due to the fact that both methods provide a much more effective system of mixing nuclei, since they allow fusion of many protoplasts or injection of many nuclei into one cell, while most cells in natural heterokaryons are uninucleate. Protoplast fusion allows the selection of hybrids following fusion events involving more than two cells, and these must always remain a potential source of variation. It should also be pointed out that there is great heterogeneity in frequencies of diploid formation within intra-and inter-strain combinations, which is considered to implicate extranuclear factors as determinants of the frequency of diploid formation ( McGeary & Hastie, 1982; A. C. Hastie, personal communication) .
Haploidization and mitotic crossing-over are independent phenomena in the fungus, and this has been confirmed by comparing the differential increase in their frequencies when haploidizing agents were incorporated into the media. It is known that spontaneous haploidization of Verticillium diploids occurs through intermediate aneuploid stages (Hastie, 1967 (Hastie, , 1968 Typas & Heale, 1977 , 1978 , as in Aspergillus (Pontecorvo, 1959) . The unusual stability of hybrid diploids obtained from protoplast fusion and microinjection, and their lack of frequent haploidization, has also been reported in natural interspecific diploids by Hastie (1973) . Both haploid and diploid segregants of parental and recombinant type were recovered from some aneuploids ( Table 5 ), indicating that these were aneuploids with near-haploid and near-diploid genomes, respectively, and that spontaneous haploidization and mitotic crossingover occurs in artificial interspecific diploids of Verticillium. The processes required for spontaneous haploidization therefore occur frequently in interspecific diploids. Thus, it is necessary here to formulate a hypothesis which could explain the above phenomena. This hypothesis should consider the fact that the chromosome number in V . albo-atrum and V . dahliae is 5 (Typas & Heale, 1978) and that the fifth, a very small chromosome, occasionally fails to segregate and remains attached to another chromosome through their centromeres. This implies that the individual chromosomes are not lost at random during haploidization. Further, the occurrence of a limited number of segregants, some of which were more frequent than others ( Table 7 ), indicates that the loss of chromosomes during haploidization is not as much a random process in these interspecific hybrids as in intraspecific diploids or in Aspergillus interspecific diploids (Kevei & Peberdy, 1979) . Thus, we cannot expect that all possible haploid segregants (i.e. 25 = 32) of an interspecific diploid can be derived. The restrictions imposed on the number of different types of haploids recovered from interspecific diploids 1 + 7 and 3 + 7, together with the restricted mitotic recombination between chromosome I1 of V . dahliae (leu-6 paba-4) and a V . albo-atrum chromosome, can be interpreted as an indication of a degree of nonhomology between the genomes of the two fungi. At the same time, the complementation of gene activities in all interspecific diploids, and the recovery of mitotic recombinant haploids nic-8 met-12paba-4 from 1 + 7 and arg-I0 cho-dpaba-4 from 3 + 7, show a high degree of homology in both gene activities and chromosomes between the two species. Moreover, the recovery of all possible genotypes in the case of interspecific diploid 5 + 4, in which four different genes, each on a different chromosome, were involved, reflects a high degree of complementation in gene activities and merits further investigation as to the extent of genome homology between the two species. All the above evidence, therefore, leads to the conclusion that there is a substantial degree of homology between haploid genomes of V . albo-atrurn and V . dahliae and this concerns both the arrangement and the structure of their genes; however, there is still sufficient non-homology to restrict haploidization by the random loss of chromosomes.
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